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Abstract 
Laser welding is a highly demanded technology for manufacturing of body parts in the automotive industry. Application of 
powerful multi-physical simulation models permits detailed investigation of the laser process avoiding intricate experimental 
setups and procedures. Features like the degree of power coupling, keyhole evolution or currents inside the melt pool can be 
analyzed easily. The implementation of complex physical phenomena, like multi-reflection absorption provides insight into 
process characteristics under selectable conditions and yields essential information concerning the driving mechanisms. The 
implementation of additional physical models e. g. for diffusion discloses new potential for investigating welding of dissimilar 
materials. In this paper we present a computational study of laser welding for different conditions. Applied to a real case model 
predictions show good agreement with experimental results. Initial tests including species diffusion during welding of dissimilar 
materials are also presented. 
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1. Introduction  
In the automotive industry, with increasing demands for quality standards, process times and flexibility, the 
presence of laser welding in the production lines has become something usual. Due to the improvement potential of 
laser welding, the interest on developing new processes based on this technology is growing continuously. However, 
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the development of new processes requires a deep understanding of the laser welding process itself as well as of its 
mechanisms. 
Difficulties to elucidate the process characteristics by direct observation meant an obstacle for a long time and 
initial research usually based on destructive sample analysis. Recently, monitoring of external process 
characteristics has shown possible with the use of high-speed imaging combined with advanced sensoring and 
illumination techniques. Nowadays, new techniques allow direct observation of the inner process dynamics [1, 2]. 
Unfortunately, this kind of investigation entails the use of complex setups and expensive equipment. 
On the other hand, the numerical capacity of present computers makes the simulation of laser welding with a high 
degree of detail possible. Over the last years, complexity and accuracy of the simulation models for laser processing 
has gradually increased. Nowadays, the use of advanced models that couple several physics together allows the 
investigation of the inner process dynamics. 
In this paper we present a computational study of laser welding carried out with our multi-physical model 
developed within an OpenFOAM® environment. Extended descriptions of the model can been found in [3, 4, 5]. The 
robustness of the implemented physics already allowed the investigation of diverse laser beam processes such as 
welding, cutting, ablation, drilling and even scribing [3, 4, 5]. 
2. Study of Laser Welding 
Here we present a study of laser beam welding under different conditions. Welding of pure iron plates was 
studied at low welding speeds. The parameters used for the simulations can be found in Table 1. 
To compare the first three cases we can make use of the power coupling efficiency. This feature can be readily 
obtained during the simulation. Figure 1a shows the coupling efficiency versus time for the first three cases. Shown 
values have been filtered using the running mean of 50 values to ease their interpretation. From a detailed 
observation of these data the main process characteristics can be obtained. For example, the cases 2 and 3 
experience a fast rise of the coupling efficiency during the initial stages, which is a clear sign of the keyhole 
formation. Having the same parameters, it is not surprising that these two cases show a similar evolution. However, 
an abrupt decrease of the coupling efficiency in the third case indicates that full penetration has been reached. The 
rise of the coupling efficiency for the first case is not so pronounced and it becomes stable at a much lower level. 
This indicates the slow formation of a cavity that is considerably shallower than the other two. 
    Table 1. Weld parameters studied in the simulations. 
Parameter Units Case 1 Case 2 Case 3 Case 4 
Laser power kW 0.75 0.75 0.75 0.75 
Beam diameter (1/e2) μm 450 300 300 270 
Wavelength μm 1.064 1.064 1.064 1.064 
Velocity mm/s 100 50 50 50 
Material - Fe Fe Fe Fe 
Plate thickness mm 2.0 2.0 1.0 2.0 
      
While observing the plot, one realizes that the data of the cases 2 and 3 exhibit bigger fluctuations than in the first 
case. This data oscillation can be explained on one hand due to the incident angle dependent absorption and on the 
other hand due to the ray casting algorithm employed. The smoother trend followed by the first case suggests that 
the absorbing surface does not alter its shape noticeably over the time, which reasonably fits conduction welding 
characteristics. Figure 1 additionally includes detailed visual descriptions of these three cases. Note the differences 
in the melt pool flow for cases 2 and 3. Vapor escaping through the bottom hole induces a second eddy in the 
opposite direction. 
The fourth case has the highest power intensity and therefore the highest penetration. Interestingly, conditions are 
such that the process seems not to reach steady state. The keyhole shape experiences continuous variations, reaching 
the bottom of the plate during short intervals of a few milliseconds with a frequency of around 3-4 times/mm (see 
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Figure 2). As a consequence of the short contact, small traces of the continuous vapor capillary are left behind, 
forming pores in the bottom side of the plate, due to rapid solidification. 
a) 
 
b)  
 
c) 
 
d) 
 
Fig. 1. (a) Coupling efficiency versus time for the cases 1 (black), 2 (red)  and 3 (blue). Running mean values; (b), (c) and (d) Melt pool dynamics 
for the cases 1, 2 and 3, respectively. The contour is tracing the outer surface of the melt and the molten region is represented with a dotted field. 
The streamlines indicate the trajectory followed by the melt pool currents. Upwards flow is represented with red color, downwards flow with 
blue. 
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Fig. 2. Case 3: Capillary evolution and bottom porosity at different time step for case4 s: (a) 41.5 ms; (b) 42.5 ms; (c) 43 ms; (d) 43.5 ms; (e) 44.5 
ms; (f) 45 ms; (g) 46.5 ms; (h) 48 ms. The contour is tracing the outer surface of the melt and the molten region is represented with a fine-dotted 
field. 
Instabilities in the rear wall of the capillary are amplified by action of the recoil pressure originating at the 
keyhole front and occasionally turn into large protuberances. During the resulting expansion, the bottom of the 
keyhole is elevated and its tip vanishes. This bulge formation shows similarities with the work published by Berger 
et al. [6], concerning deep laser welding in water and ice. These bulges are pushed upwards due to the combined 
action of melt pool convective currents and vapor flow. The volume of the liquid displaced, accumulated on the 
upper part generates a wave that moves backwards during the expulsion of the gases in excess. The resulting 
decrease in the inner pressure allows a reduction of the keyhole diameter due to the action of surface tension. In this 
phase, the penetration depth starts to increase and the characteristic bottom tip shows up again. 
3. Study of the Half-side Keyhole 
In this section we show the capabilities of above presented model to reproduce a real case. Welding on a plate 
close to its edge was used for experimental verification. The laser beam moves along a path parallel to the plate edge 
with a constant offset to it. Two experiments were conducted to investigate this welding process. Figure 3 shows a 
scheme of the case and the relevant parameters can be consulted in Table 2. 
a) 
 
b) 
 
Fig. 3. Scheme of the case. 
In parallel to the experiments, numerical simulations were carried out in order to check the accuracy of model 
predictions. In addition to given parameters, the material properties used for the simulations are shown in Table 3. 
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We first discuss the results for the case 1, in which the distance from the edge to the welding path is 2.5 times the 
beam diameter. Figure 4 shows comparative images from two perspectives. From the top view one can observe 
certain asymmetry of the melt pool shape. Melt pool is longer and wider close to the edge due to the lower heat 
dissipation towards this side. Despite low illumination of the bottom part of the plate, a backwards flow of molten 
material can be noticed in the high speed image from the experiment. This clearly proves that the process has full-
penetration characteristics. Same characteristics can be also identified in the simulation. 
 Table 2. Experimental parameters (some parameters are given implicitly due to research confidentiality agreements). 
Parameter Units Case 1 Case 2 Parameter Units Case 1 Case 2 
Material - Al Al Plate thickness mm 1.4 1.4 
Wavelength μm 1.08 1.08 Velocity mm/s 200 200 
Beam diameter (1/e2) mm d d Laser intensity kW/mm2 17 17 
Offset from the edge mm 2.5d 0.9d     
 
In a similar way, Figure 5 shows a visual comparison of simulation and experimental results for the case 2. In this 
case only the distance from the edge was modified to a value of 0.9 times the beam diameter, in contrast to the first 
case. Note that the beam diameter (1/e2) is still fully contained in the plate surface. However, the effect of such 
change is noticeable and the resulting process has different characteristics against full-penetration welding. Top 
views permit to see a structure similar to a half-side keyhole. Such structure forms during the initial stages as a 
result of unbalanced forces in the premature keyhole. 
The same as before, due to lower heat dissipation towards the edge of the plate side the melt pool extends more 
rapidly towards the edge. This phenomenon is even more prominent in this case, with a narrow offset. As a 
consequence, the melt pool reaches the edge closer to the forming keyhole. While the edge melts, liquid metal losses 
the solid recipient that helps to support the expansion resulting from the evaporation pressure and the conditions to 
sustain the keyhole cannot be satisfied. A half-side keyhole structure is finally formed as a result of the evaporation 
pressure. Surface tension, acting as cohesive force, minimizes (surface) energy transforming the resulting melt pool 
into a rounded edge. This effect can be also observed in the simulation. 
Moreover, analysis of the simulations provides further information about the process characteristics. Figure 6a 
shows the evolution of the power coupling efficiency for each simulated case. During the initial stages both 
simulations show a rapid increase of the absorbed power. This fact is explained by the formation of a keyhole, 
which in turn leads on to a better energy coupling due to higher angles of incidence and to arising of multiple 
reflections. After a few milliseconds the first simulation enters in a developed full penetration process. In the same 
period, the second one experiences a decrease in the absorbed power, coinciding with the collapse of the forming 
keyhole. Most of incident rays are lost after the first reflection. This turns into poorer power coupling and thus into 
insufficient power to reach deeper penetration. 
 Table 3. Material properties used in the simulations. 
Parameter  Units Value Parameter Units Value 
Density  kg/m3 2560 Specific heat capacity kJ/(kg K) 1.03 
Kinematic viscosity  m2/s 0.5e-6 Thermal conductivity (sol.) W/(m K) 160 
Surface tension  N/m 0.914 Thermal conductivity (liq.) W/(m K) 80 
Melting temperature  K 933 Latent heat for melting MJ/kg 0.4 
Boiling temperature  K 2792 Latent heat for boiling MJ/kg 10.9 
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a) 
 
b) 
 
Fig. 4. Comparison of simulations and experimental results for the case 1 (offset = 2.5d). (a) Top view: Arrows indicate the melt pool asymmetry; 
(b) Side view: In the simulation image, the contour is tracing the outer surface of the melt and the molten region is represented with a dotted field. 
Arrows call attention to molten material flowing backwards along the bottom plane of the plate. The step color gradient in the temperature scale 
indicates the melting temperature. 
a)
 
b) 
 
Fig. 5. Comparison of simulations and experimental results for the case 2 (offset = 0.9d). (a) Top view; (b) Side view. The step color gradient in 
the temperature scale indicates the melting temperature. 
a)
 
b) 
 
Fig. 6. (a) Half-side Keyhole: Coupling efficiency versus time for the first case (red) and the second case (blue), respectively. Running mean 
values; (b) Welding of Dissimilar Materials: Relative composition across the interface after 0.5 ms for a mono-dimensional butt contact between 
Cu and Ni. 
4. Welding of Dissimilar Materials 
In general, the welding of dissimilar materials is a complicated task that involves many difficulties. The growth 
of brittle inter-metallic phases in the joining interface is currently one of the most challenging for high demanded 
joining pairs such as Al-Fe [7]. We consider the implementation of species diffusion as the required initial step that 
shall allow future study of the inter-metallic formation. Therefore a multi-species diffusion module has been 
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developed and tested in our model for laser processing. The module is based on Fick’s diffusion laws. Diffusion 
coefficients are modelled as temperature-dependent Arrhenius functions according to: 
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Where D0 is the pre-exponential diffusion factor, Q is the activation energy for the diffusion, R is the universal 
gas constant and T is the absolute temperature. We use an iterative approach that is capable to evaluate diffusion of 
multiple phases into each other simultaneously. This requires the use of a more advanced treatment for the phase 
field. For this reason we integrated this module into a model that calculates interaction of multiple phases in a 
coupled manner. Such model is also a new development and a detailed description is given in [8]. 
Elementary diffusion cases have been used to validate the new module. Figure 6b shows a comparison of 
simulation results along with the analytic solutions for a mono-dimensional butt contact. The plot shows the 
evolution of the relative concentrations across the interface. Cu-Ni system was chosen for these tests because of 
their total mutual solubility and absence of inter-metallic compounds. Supposing that concentration values remain 
constant at infinite distance of the interface, the analytic solution for Ni obeys to following expression: 
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Where CNi is the concentration of nickel expressed as a function of the distance from the interface (x) and of the 
time (t). D is the mutual diffusion coefficient (see Equation 1). More details about the analytic solution procedure of 
this problem are given in the relevant literature, i.e. [9]. A uniform temperature of 2000K has been chosen for this 
test, along with D0 = 14.6 cm2/s and Q = 40.7 kJ/mol both for the analytic and the numerical calculations.  
 
a) b) 
 
Fig. 7. Simulation of laser welding of Ni and Cu. (a) Initial stages; (b) Process stabilized. Wavelength = 1070 nm, laser power = 2 kW, beam 
diameter (1/e2) = 1.6 mm, velocity = 20 mm/s, plates thickness = 1 mm. White and black dotted contours indicate the melting temperatures of Cu 
and Ni, respectively. 
We first ran a simulation without diffusion to see the main characteristics of the thermal field and of the melt 
pool. Results can be seen in Figure 7. The laser beam is centered on the interface and moves along the same. 
Multiple reflections were replaced by a different approach basing on the beam caustic representation. This does not 
influence the results as long as the process has conduction welding characteristics. 
From the initial stages, noticeable asymmetry in the heat distribution and in the melt pool can be observed. Such 
asymmetry has been previously reported by Phanikumar et al. [10] while studying the welding of Cu and Ni with a 
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pulsed CO2-laser. The shape obtained in this work exhibits similar characteristics. Despite of its higher melting 
point, Ni appears to melt first, which also agrees with the results obtained in mentioned work, even if the used 
wavelength varied. 
The melt pool shows an irregular shape during the whole process. Initially longer and wider at the Ni side, it 
eventually becomes misaligned with respect to the interface, see Figure 6b. This effect discloses certain similarities 
with the study of the half-side keyhole. Here, the heat dissipation near the interface is enhanced by the presence of 
Cu. This provides an efficient cooling that makes solidification to occur faster near the Cu side. 
In a second test, diffusion effects during the welding of Cu and Ni have been studied. We ran two simulations 
with similar conditions: one with activated diffusion and the other without this feature. Diffusion properties used for 
this test can be found in Table 4. Figure 8 presents a visual comparison of these results. Certain contact between 
solid Ni and liquid Cu can be identified from the images, due to the difference in the melting points of the metals. 
Diffusion between liquid phases dominates the process, as expected from the values of corresponding diffusion 
parameters. Notice that the presence of diffusion in the simulation influences the mixing process from the initial 
stages.  
 Table 4. Diffusion parameters used in the simulations. 
Parameter  Units Value Parameter Units Value 
D0 Cu solid – Ni solid  cm2/s 1.93 D0 Cu liquid – Ni liquid cm2/s 14.6 
Q Cu solid – Ni solid  kJ/mol 232 Q Cu liquid - Ni liquid kJ/mol 40.7 
 
 
a) 
 
b) 
 
Fig. 8. Simulations of laser welding of Ni with Cu: with and without enabling species diffusion, (a) and (b), respectively. Cross section view. 
Wavelength = 1064 nm, laser power = 2 kW, beam diameter (1/e2) = 1.5 mm, velocity = 10 mm/s, plates thickness = 0.5 mm. The white lines 
indicate the limits of the melt pools. 
5. Conclusions and Outlook 
The potential of multi-physical simulations for predicting and analyzing the characteristics of laser welding 
processes has been presented. The sound physics implemented does not only allow to reproduce complex 
phenomena during laser welding like the formation of porosity or the half-side keyhole, but also the study of other 
laser beam processes like cutting, ablation, drilling or scribing. 
The capabilities of the simulation model can be gradually improved with the integration of new physical models. 
In this work, we showed preliminary results with species diffusion for the welding of dissimilar materials. Other 
recent developments include a model for the simulation of laser scribing on LED-multilayer stacks [8] and the 
implementation of thermal-induced elastic deformations [11]. Further work involves the extension of existing 
models to account for new phenomena e. g. plastic deformations, as well as the development of new ones e. g. 
growth of inter-metallic phases. 
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